Each time Saccharomyces cerevisiae cells divide they ensure that both the mother and daughter cell inherit a vacuole by actively transporting a portion of the vacuole into the bud. As the mother cell begins budding, a tubular and vesicular segregation structure forms that is transported into the bud by the myosin V motor Myo2, which is bound to the vacuole-specific myosin receptor, Vac17 (41, 59, 70, 79). Upon arriving in the bud the segregation structure is resolved to found the daughter vacuole. The mechanism that regulates segregation structure resolution in a spatially dependent manner is unknown. In addition to resolving the segregation structure, Vac17 is degraded specifically in the bud to provide directionality to vacuole inheritance. It has been proposed that bud-specific degradation of Vac17 is promoted by proteins localized to or activated solely in the bud (77). The p21-activated kinases (PAKs) Cla4 and Ste20 are localized to and activated in the bud. Here we report that Cla4 is localized to the segregation structure just prior to segregation structure resolution, and cells lacking PAK function fail to resolve the segregation structure. Overexpression of either Cla4 or Ste20 inhibited vacuole inheritance and this inhibition was suppressed by the expression of nondegradable VAC17. Finally, PAK activity was required for Vac17 degradation in late M phase and CLA4 overexpression promoted Vac17 degradation. We propose that Cla4 and Ste20 are bud-specific proteins that play roles in both segregation structure resolution and the degradation of Vac17.
Each time a eukaryotic cell divides, it must ensure that both of the progeny cells contain a full complement of organelles. While high-copy-number organelles dispersed equally throughout the cell can rely primarily on a stochastic partitioning strategy, low-copy-number organelles localized to a specific region of the cell require ordered partitioning to ensure equal inheritance of organelles to each of the progeny (76) . To better understand how ordered inheritance of low-copy-number organelles is regulated, we are studying organelle inheritance in the budding yeast Saccharomyces cerevisiae, focusing specifically on vacuole inheritance.
The budding yeast vacuole is analogous to the mammalian lysosome and serves as a site of macromolecular degradation. The vacuole is the primary storage site for amino acids and phosphates, is involved in the endocytic pathway, and serves as the site for both pH and osmoregulation (46) . Under normal physiological conditions the yeast vacuole is a low-copy-number organelle containing on average one to three lobes and requires ordered transport to ensure its inheritance by the daughter cell (65) .
At the time of bud emergence, proteins necessary for PtdIns(3,5)P 2 production are required to form the tubular and vesicular structure called the segregation structure (7, 8) . Transport of the segregation structure into the bud requires attachment of the vacuole to the myosin V motor, Myo2 (12, 13, 36) . Attachment between the vacuole and myosin requires the vacuole-specific Myo2 receptor Vac17, which binds both Myo2 and Vac8 directly (41, 70) . Vac8 is a vacuole membrane protein and is inserted into the vacuole membrane by its myristoylation and palmitoylation (56, 75) . Once attached to myosin, vacuoles, like many other organelles in budding yeast, are transported into the bud along polarized actin cables (3, 6, 10, 27, 53, 78) . Upon entering the bud, the segregation structure is resolved, probably by fusion of the tubules and vesicles, to found the daughter vacuole (17, 32, 33, 47, 86) .
Directionality in vacuole transport is achieved by spatial degradation of Vac17 in a bud-specific manner. The vacuole inheritance mutants vac8 and myo2-2 (a point mutant within Myo2 that specifically disrupts the Myo2-Vac17 interaction) fail to transport Vac17 into the bud, and Vac17 accumulates to high levels. Bud-specific degradation of Vac17 requires a PEST sequence within Vac17. Cells expressing VAC17 without the PEST sequence (vac17⌬PEST) accumulate Vac17 to high levels and the vacuole is transported back to the mother bud neck, where the actin cytoskeleton is polarized, prior to cytokinesis (41, 70) .
Vac17 degradation is regulated in a spatially dependent manner. It has been proposed that the spatial degradation of Vac17 solely in the bud is promoted by factors specifically localized to and/or activated in the bud (77) . However, these factors have not yet been identified. The fusion of tubules and vesicles leading to the formation of a separate daughter vacuole does not take place until after entering the bud. As proposed for Vac17 degradation, there may be factors in the bud that promote vacuole fusion to help resolve the segregation structure only after entering the bud.
Budding yeast contain two main p21-activated kinases (PAKs), Cla4 and Ste20. Regions in the N-terminal halves of the PAKs interact with the kinase domain in the C-terminal half of the PAKs, leading to autoinhibition (4, 5, 48) . Autoinhibition is relieved when PAKs bind to activated GTP-bound Cdc42 through the p21 binding domain (PBD) located within the N-terminal half of the protein (5, 18, 69) . The adaptor protein Bem1 facilitates the activation of Cdc42 in the bud by binding both Cdc42 and its guanine nucleotide exchange factor (GEF), Cdc24 (43, 50, 58, 87) . Bem1 contains two SH3 domains, and the second SH3 domain interacts with proline-rich domains in Ste20 and probably Cla4 (9, 31, 82) . Cla4 and Ste20 are localized to and activated in the bud (39, 40, 48, 57) . In this report we provide evidence that Cla4 and Ste20 regulate vacuole inheritance. PAK function is required to resolve the segregation structure and for Vac17 degradation prior to cytokinesis.
MATERIALS AND METHODS
Plasmid and strain construction. Yeast strains and sources are listed in Table  1 . The yeast strains used in this study are all derivatives of W303 except for the CLA4-GFP strains (S288c derivatives). CLA4-GFP strains were created by Cterminal tagging of CLA4 as described previously (52) and obtained from other sources, and they all showed the same localization pattern (39, 40) . Yeast strains were constructed by genetic crosses followed by tetrad dissection or by transformation using the lithium acetate method (11) . ProA and the adjacent HIS3 and URA3 markers were amplified by PCR and integrated to generate VAC17-ProA as described previously (1) . A GAL-cla4-K594R strain was made by site-directed mutagenesis of pBB135 (4) as described previously (89) . Plasmid sources and construction methods are listed in Table 2 and DNA manipulations were performed as described previously (64) .
Microscopy. Images were acquired using two microscopes. All images, with the exception of those for Fig. 1A and 2 , below, were taken using a microscope (BX60; Olympus) with a UPlanApo 100ϫ, numerical aperture (NA) 1.30 oil immersion objective (Olympus) and a DAGE ISIT-68 camera and using NIH image 1.62 (Wayne Rasband). Images for Fig. 1A and 2 were acquired using a microscope (BX50; Olympus) with a UPlanF1 100ϫ, NA 1.30 oil immersion objective (Olympus) and a CoolSNAP HQ camera (Photometrics). Images were collected using MetaVue version 4.6 (Molecular Devices). Green fluorescent protein (GFP) was visualized using an X-cite 120 UV lamp and a Chroma filter set. Within each experiment, all images were collected and scaled identically. Images were processed with Photoshop 9.0 software (Adobe). Video microscopy was performed with mid-log-phase cells placed on a drop of 2% agarose in yeast extract-peptone-dextrose (YPD) and flattened with an uncoated glass slide as described previously (74) . Cells were visualized every 3 to 5 minutes. Small, medium, and large budded cells were grouped into size categories as described previously (63) . Cell outline color codes were as follows: red, bud contains segregation structure; blue, bud has inherited vacuole material from mother cell; yellow, medium or large bud lacking inherited vacuole material from mother cell. The scale bars are 2.5 m throughout all figures.
In vivo labeling of vacuoles and nuclei staining. To visualize vacuoles, yeast cells were concentrated and incubated for 1 h with N-(3-triethylammoniumpropyl)-4(6(4(diethylamino)phenyl)hexatrienyl) pyridium dibromide (FM 4-64; Molecular Probes) at a final concentration of 16.5 M (73). Cells were then washed with appropriate medium and grown for Ն3 h before being viewed by fluorescence microscopy. Vacuole inheritance was quantified by looking for the presence of FM 4-64-stained vacuole in large budded cells with Ͼ200 cells counted for each experiment. Nuclei were visualized by fixation in 70% ethanol followed by staining with 4Ј,6-diamidino-2-phenylindole (DAPI) at 0.1 mg/ml. SDS-PAGE and Western blot analysis. Yeast protein levels and gel mobility were assayed by trichloroacetic acid precipitation followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 7.5%) and Western blot analysis using rabbit anti-mouse immunoglobulin G (1:1,000; Promega), mouse Cell cycle arrests. Cell cycle arrests were performed by the addition ␣-factor (ZymoResearch), hydroxyurea (Sigma), or nocodazole (Sigma) at final concentrations of 3 M, 200 mM, or 15 g/ml, respectively, or by shifting temperaturesensitive mutants from the permissive temperature (23°C) to the nonpermissive temperature (37°C) for 3 hours. Conditions for growth and release of synchronous cultures from arrest by ␣-factor were described previously (14) . Centrifugal elutriation was performed in a Beckman-Coulter type J centrifuge as recommended by the manufacturer and as described previously (44) . Fractions with greater than 98% unbudded cells were pooled and used for each experiment.
Other methods. YP medium containing 1% yeast extract and 2% Bacto peptone was used with addition of glucose (YPD), raffinose (YPR), and/or galactose (YPG) as carbon sources at a 2% final concentration. Alternately, strains with plasmids were grown on synthetic medium (SC) lacking tryptophan or histidine to maintain plasmids.
RESULTS
Cla4 localizes to the vacuole segregation structure. In addition to its reported localization at the bud cortex, we found that Cla4 localized to a non-cortex-localized punctate structure within the buds of small, medium, and some large budded cells (Fig. 1A) . Biochemical studies indicate that Cla4 is enriched on isolated vacuoles (25) . Therefore, we postulated that the Cla4 punctate structure might colocalize with the vacuole. To determine if Cla4 colocalized with the vacuole, CLA4-GFP strains were FM 4-64 stained. We found that in 100% of cells in which the punctate Cla4-GFP structure was visualized that it colocalized with the segregation structure or the daughter vacuole (Fig. 1B) .
Further quantification of the vacuole morphology and Cla4 localization to the vacuole showed that Cla4 localized to the vacuole almost immediately upon entry of the segregation structure into the bud, as only a very small percentage of cells with a segregation structure in the bud did not colocalize with Cla4 ( Fig. 2A) . Most cells in which Cla4 colocalized with the vacuole had resolved the segregation structure and formed a daughter vacuole ( Fig. 2A) . Cla4 persisted on the vacuole until (68) This study pCH1924 pRS313-pVAC17-VAC17; made by insertion of 1.94-kb BamHI-SalI fragment of pVAC17 (70) into the BamHI-SalI site of pRS313 (68) This study pCH1925 pRS313-pVAC17-vac17⌬PEST; made by insertion of 1.75-kb BamHI-SalI fragment of pVAC17(⌬97-259) (70) into the BamHI-SalI site of pRS414 (68) This study pCH1926 pRS314-GAL-GST-STE20; made by insertion of a 4.53-kb SacII-KpnI fragment of pRD20-STE20-ATG (57) into the SacII-KpnI site of pRS314 (68) This study late M phase and cells that arrested in S phase or G 2 /M, but not at mitotic exit, had Cla4 spots in the bud ( Fig. 2A and B) .
The machinery required to form and transport the segregation structure to the bud consists of a myosin V motor, Myo2, a vacuole receptor, Vac17, and a vacuole-associated protein, Vac8. We observed that cells that did not form vacuole segregation structures, including vac8 and myo2-2 mutants, lacked a Cla4 spot in the mother or bud (Fig. 2C and D) . Thus, Cla4 localization at the vacuole was dependent on vacuole partitioning. Cla4 leaves the vacuole late in mitosis and localizes to the mother bud neck prior to cell separation (data not shown).
PAKs are required for resolution of the vacuole segregation structure. Cla4 accumulation at the incipient bud site early in the cell cycle and its localization at the vacuole segregation structure prior to daughter vacuole formation places Cla4 in the right place at the right time to play a role in resolving the segregation structure. Cla4 is proposed to have overlapping functions with the PAK Ste20, as cla4 and ste20 single mutants are viable but the cla4 ste20 double mutant is synthetically lethal (18) . Consistent with these observations, we found that cla4 and ste20 single mutants formed daughter vacuoles (Fig. 3A) .
In order to characterize cells lacking both Cla4 and Ste20 function we used a cla4-75 ste20 strain with mutant cla4 and ste20 kept alive by plasmid-based expression of a temperaturesensitive cla4-75 allele (18) . When grown at the permissive temperature, vacuoles in the cla4-75 ste20 cells were similar to vacuoles in ste20 cells (data not shown). After cells were synchronized by centrifugal elutriation in G 1 and released at the restrictive temperature, the cla4-75 ste20 double mutant cells initially were similar to wild-type cells and formed a segregation structure that was directed toward the bud tip with similar kinetics as wild-type cells ( Fig. 3B and C) . Strikingly, after 120 min, 98% of all cla4-75 ste20 cells had a persistent segregation structure (Fig. 3C ) and after 240 min 95% of all cells arrested with an intact segregation structure (Fig. 3D ). This was in sharp contrast to wild-type cells that resolved their segregation structures soon after they entered the bud (Fig. 3B) . The failure of the cla4-75 ste20 cells to resolve the segregation structure is a novel phenotype.
Cells overexpressing CLA4 have a vacuole inheritance defect. Video microscopy of FM 4-64-stained wild-type and GAL-CLA4 cells was performed to determine if CLA4 overexpression inhibited vacuole inheritance. Wild-type (data not shown) and GAL-CLA4 cells were grown on YP plus 2% galactose medium. Unlike wild-type cells, in which segregation structures were frequently observed and 100% of cells inherited a vacuole (data not shown), segregation structures were not formed in cells overexpressing CLA4 (Fig. 4A) .
To further explore the ability of CLA4 to inhibit vacuole inheritance, FM 4-64-stained wild-type, GAL-CLA4, and GAL-cla4-K594R (a kinase dead version of Cla4 [37] ) cells were grown in YP plus 2% raffinose to mid-log phase, at which time 2% galactose was added and samples were examined every 2 hours. The presence of a daughter vacuole in large budded cells was scored for each sample. Segregation structures were present in wild-type and GAL-cla4-K594R small and medium budded cells and 100% of all large budded cells contained a daughter vacuole in the presence or absence of galactose throughout the time course of the experiment (Fig. 4C) .
GAL-CLA4 cells grown under noninducing conditions had similar vacuole inheritance percentages as wild-type cells (data not shown). In contrast, GAL-CLA4 cells grown under inducing conditions exhibited a decrease in vacuole inheritance as early as 2 h and by 6 h postinduction only 2% of large budded cells contained a daughter vacuole (Fig. 4B and C) .
Cells overexpressing STE20 have a vacuole inheritance defect. Cla4 and Ste20 play many unique and overlapping roles in the cell (35, 45) . We therefore hypothesized that STE20-overexpressing cells might also have a vacuole inheritance defect. Cultures of FM 4-64-stained wild-type, GAL-STE20, and GAL-STE20-K649R (a kinase dead version of Ste20 [2] ) cells were grown to mid-log phase, at which time 2% galactose was added at the zero time point. Under inducing conditions 100% of all large budded wild-type and GAL-ste20-K649R cells contained a daughter vacuole throughout the time course of the experiment (Fig. 4F) . GAL-STE20 cells grown under inducing conditions had decreasing amounts of vacuole inheritance as early as 2 h, and by 6 h postinduction only 24% of large-budded cells had a discrete daughter vacuole ( Fig. 4E and F) . Because PAK function was required for the resolution of the segregation structure and overexpression of PAKs prevented segregation structure formation, we propose that PAKs regulate vacuole inheritance by promoting segregation structure resolution in the bud.
vac17⌬PEST expression suppresses the vacuole inheritance defect of CLA4-or STE20-overexpressing cells. Vac17 is degraded in a bud-specific manner, but degradation is not necessary for resolution of the segregation structure (41, 70) . It has been proposed that Vac17 degradation is due to budspecific proteins that promote Vac17 degradation (77) . An alternate, but not mutually exclusive, interpretation of our overexpression results is that the PAKs are the bud-specific factors that promote Vac17 degradation and that overexpression of CLA4 or STE20 leads to premature destruction of Vac17. We hypothesized that CLA4 or STE20 overexpression caused a vacuole inheritance defect by promoting the premature degradation of Vac17. If this model were correct then we would have expected that expression of the nondegradable VAC17 (vac17⌬PEST) should suppress the vacuole inheritance defect caused by CLA4 or STE20 overexpression.
FM 4-64-stained GAL-CLA4 vac17 and GAL-STE20 vac17 cells containing a plasmid with VAC17 or vac17⌬PEST were examined for vacuole inheritance. As expected 100% of all GAL-CLA4 and GAL-STE20 large budded cells contained a daughter vacuole in the presence of VAC17 or vac17⌬PEST under noninducing conditions. Under inducing conditions GAL-CLA4 and GAL-STE20 cells containing VAC17 exhibited vacuole inheritance defects after 6 h of overexpression. However, expression of vac17⌬PEST fully suppressed the vacuole inheritance defect in GAL-CLA4 and GAL-STE20 cells under inducing conditions (Table 3) .
Vac17 is a phosphoprotein, and CLA4 overexpression causes a decrease in Vac17 levels. Vac17 levels oscillate during the cell cycle. Vac17 levels increase as cells bud and decrease prior to cytokinesis (70) . We examined Vac17 levels throughout the cell cycle to further characterize when Vac17 was degraded. We tagged Vac17 with a ProA tag. Vacuole inheritance was assayed in VAC17-ProA cells and the kinetics of vacuole inheritance were identical to wild-type cells, suggesting that Vac17-ProA was functional (data not shown). Vac17-ProA levels were then examined in asynchronous cells by SDS-PAGE followed by Western blot analysis. We found that Vac17 ran as multiple bands, suggesting the possibility that Vac17-ProA is a phosphoprotein (Fig. 5A ). Vac17-ProA was immunoprecipitated and treated with -phosphatase or -phosphatase plus phosphatase inhibitor. Vac17-ProA treated with -phosphatase collapsed down to a single band and phosphatase inhibitors blocked this collapse (Fig. 5B) .
We next determined if PAK overexpression caused Vac17 degradation. Asynchronous cultures of wild-type and GAL-CLA4 cells were grown to mid-log phase, 2% galactose was added at the zero time point, and samples were taken every hour for examination of Vac17-ProA levels. Over the 6-h time course of the experiment, Vac17 remained constant in wildtype cells (Fig. 5C ). However, Vac17-ProA levels decreased in GAL-CLA4 cells over the 6-h time course. A reduction in Vac17-ProA levels was observed as early as 2 h, with the phosphorylated Vac17-ProA disappearing quickest and Vac17-ProA levels reached very low levels at the 6-hour time point (Fig. 5D) . Importantly, the decrease in Vac17-ProA levels occurred with similar kinetics to vacuole inheritance defects (Fig.  4C) . Therefore, CLA4-overexpressing cells have a severe vacuole inheritance defect like the class I vacuole inheritance mutants vac8 and myo2-2, which fail to inherit vacuoles. However, unlike vac8 and myo2-2 cells, CLA4-overexpressing cells do not accumulate Vac17 to high levels like other class I vacuole inheritance mutants (70), but instead Vac17 levels drop after CLA4 overexpression is initiated, which may be due to either Vac17 turnover or a decrease in synthesis. Thus, we concluded that CLA4 overexpression causes a decrease in Vac17 protein levels. It is currently unknown if this decrease is due to a decrease in Vac17 synthesis or turnover. Additionally, the ability of STE20 to promote Vac17-ProA degradation was examined. Asynchronous cultures of GAL-STE20 were grown under inducing conditions, and while vacuole inheritance defects (data not shown) were seen as shown in Fig. 4D and E, Vac17-ProA levels remained constant throughout the 6-hour time course of the experiment (Fig. 5E ).
Vac17 degradation in late M phase requires PAK function. Vac17 levels oscillate during the cell cycle. Vac17 levels increase as cells bud and decrease prior to cytokinesis (70) . We examined Vac17 levels throughout the cell cycle to further characterize when Vac17 was degraded. VAC17-ProA PDS1-HA cells were arrested in G 1 with ␣-factor and released. Samples were taken every 10 min, and Vac17 and Pds1 protein levels were examined throughout a single cell cycle. Pds1 is degraded (Fig. 6A) (16) . Because Vac17 degradation occurred after anaphase onset, we examined if mitotic exit was required for Vac17 degradation. CDC15, DBF2, and CDC14 are required for mitotic exit, and temperature-sensitive mutants for these genes arrest prior to mitotic exit (19, 54) . Vac17-ProA levels were examined in cdc15-2, dbf2-2, and cdc14-1 cells grown at the permissive and nonpermissive temperatures to arrest cells at mitotic exit. Phosphorylated Vac17-ProA was common in cells grown at the nonpermissive temperature. However, cells arrested at mitotic exit only contained a small amount of what appeared to be unphosphorylated Vac17 (Fig. 6B) . This suggested that Vac17 was destroyed after anaphase entry and before mitotic exit during late M phase.
If PAKs are required for Vac17 degradation, then in the absence of Cla4 and Ste20 activity Vac17-ProA should not be degraded. A CLA4 allele with a truncated C terminus (CLA4t) when overexpressed causes Cla4 and Ste20 to delocalize from the bud cortex and cells display similar defect as seen in cells lacking PAKs (15) . 4X GAL-CLA4t VAC17-ProA cells were arrested in G 1 and released, and Vac17 levels and mitotic progression were examined. As in wild-type cells (Fig. 6C) , Vac17-ProA is phosphorylated and cells arrest at G 2 /M in a SWE1-dependent manner (Fig. 6C) . Since Vac17 is stable at G 2 /M, the same experiment was performed in the absence of SWE1, a situation in which cells progress to late M phase (15) when Vac17 protein levels are low (Fig. 6D) . We observed that even though cells progressed to late M, Vac17-ProA levels remained high with large amounts of phosphorylated Vac17 present (Fig. 6D) . Thus, we concluded that active PAKs were required for Vac17 degradation in late M.
Cla4 requires Lte1 to modulate Vac17 protein levels. Because Vac17 is phosphorylated in the absence of PAK activity ( Fig. 6C and D) , we hypothesized that Cla4 may act indirectly to affect Vac17 protein levels. Cla4 plays a role in the proper localization and activation of the guanine nucleotide exchange factor Lte1 in the bud (37, 38, 66, 67, 81, 88) . Asynchronous cultures of wild-type and GAL-CLA4 lte1 cells were grown to mid-log phase, 2% galactose was added at the zero time point, and samples were taken every hour for examination of Vac17-ProA levels. Over the 6-h time course of the experiment, Vac17 remained constant (Fig. 7A) . Because PAK activity was required to degrade Vac17 in late M phase, we looked in cells lacking both STE20 and LTE1. The lte1 and ste20 mutants show synthetic lethality, but this lethality is suppressed by deletion of BUB2. We looked at Vac17 protein levels in bub2 GAL-BUB2 lte1 ste20 cells (37) grown under noninducing conditions (2% raffinose) to which 2% galactose was added at the zero time point. As previously reported (37) these cells arrest in late M phase but Vac17-ProA is not degraded (Fig. 7B) . were ␣-factor arrested and released, and samples were taken at the indicated times and subjected to Western blot analysis. Additionally, the percentage of telophase cells was determined by DAPI staining and the number of cells with mother and bud nuclei staining was scored.
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DISCUSSION
To ensure that the daughter cell contains a functioning vacuole before cell separation, a portion of the vacuole is transported into the bud. To facilitate transport the segregation structure is formed and partitioned into the bud along actin cables by the vacuole-specific myosin receptor Vac17. The segregation structure is transient and resolved to form a discrete bud vacuole soon after entering the bud. Based on the rate of vacuole movement and the distance of travel, segregation structures persist for as little as 30 s during the cell cycle (77) . How the segregation structure is resolved in a spatially dependent manner, only after entering the bud, is currently unknown. In addition to resolving the segregation structure, Vac17 is also destroyed in the bud to ensure that the vacuole is not transported to the mother bud neck after the actin cytoskeleton rearranges to the mother bud neck. The mechanism of bud-specific Vac17 degradation is currently unknown. In this paper we provide evidence that Cla4 and Ste20, which are localized and activated specifically in the bud, act in the bud to promote both segregation structure resolution and Vac17 degradation.
How does the cell promote resolution of the segregation structure in a spatially dependent manner only after it has entered the bud? We found that that Cla4 localizes to the vacuole at the right place and at the right time to promote segregation structure resolution ( Fig. 1 and 2) . This, however, is not the first report of Cla4 localization to the vacuole, as other investigators have previously identified Cla4 on isolated vacuoles (25) . However, our findings add substantially to the understanding of the timing of Cla4 localization to the vacuole. Cla4-GFP localized to the cortex of small, medium, and some large budded cells as previously reported (39, 40, 60) . Additionally, Cla4-GFP localized to segregation structures when they entered the bud. Almost every segregation structure that entered the bud and no segregation structures that had not entered the bud had Cla4-GFP localized to them ( Fig. 2A) . Cla4-GFP localization to the vacuole is dependent on the vacuole transport machinery, Vac8 and Myo2 ( Fig. 2C and D) , further suggesting that Cla4-GFP localization to the vacuole is dependent on transport of vacuoles into the bud.
In further support of a role for Cla4 in segregation structure resolution, PAK function is required for the resolution of the segregation structure ( Fig. 3C and D) . We propose that Cla4 localizes to the segregation structure, where it promotes segregation structure resolution. Ste20 may promote resolution of the segregation structure when it comes into contact with Ste20 at the bud cortex or Ste20 may be localized to the vacuole at low levels below the detection limit of fluorescence microscopy.
How do Cla4 and Ste20 promote the resolution of the segregation structure? Our current research does not answer this question. However, a possible mechanism(s) already exists within the extant literature. Segregation structure formation is promoted by the vacuole fission machinery and the inhibition of vacuole fusion machinery (7, 8, 21, 28, 29, 47, 62) . Since the production of the segregation structure requires the fission machinery and inhibition of fusion, it has be postulated that upregulation of fusion and/or the downregulation of fission promotes segregation structure resolution (17, 32, 33, 78, 80, 86) . Intriguingly, Cla4 and Ste20 play roles in vacuole fusion by acting downstream of Cdc42 to promote and actin polymerization, which is required for the docking stage of vacuole fusion (23-26, 49, 55, 83, 84) . Intriguingly, cla4 mutants, but not ste20 mutants, have fragmented vacuoles, suggesting that Cla4 may play a larger role than Ste20 in vacuole fusion (25, 65) .
In further support of this model, overexpression of either CLA4 or STE20 led to vacuole inheritance defects (Fig. 4) . Overexpression of the PAKs may have led to Cla4 and Ste20 localization in the mother. In support of this, GFP-CLA4 when overexpressed was easily seen in both the mother and daughter cytoplasm (see Fig. S1 in the supplemental material). Overepressed Cla4 and Ste20 could potentially be activated in the mother vacuole, where Cdc42 is constitutively localized (25, 55, 61) . In further support of this possibility, the scaffolding protein Bem1 that brings together Cdc42 with its GEF Cdc24 (72, Vac17-ProA (Y CH 5286) cells were grown in YP plus 2% raffinose, 2% glucose was added at time zero, and samples were taken at the indicated times and subjected to Western blot analysis. Additionally, the percentage of telophase cells was determined by DAPI staining and scoring the number of cells with mother and bud nuclei staining. VOL. 8, 2009 Cla4 AND Ste20 IN S. CEREVISIAE VACUOLE INHERITANCE 569 90) is localized to the vacuole, where it plays a role with Cdc42 to promote homotypic vacuole fusion (34, 85) . Cla4 and Ste20 bind directly to the second SH3 domain of Bem1 (9, 31, 51, 82) , therefore bringing it into proximity with Cdc42 and allowing potential PAK activation. Further research by other labs will be necessary to determine the molecular mechanism by which Cla4 and Ste20 promote segregation structure resolution. After the segregation structure has been resolved in the bud, the vacuole transport complex is disassembled and Vac17 is degraded to ensure that the vacuole is not transported back to the mother bud neck. We propose a model in which Cla4 and Ste20 localization and activation in the bud mark the bud as the destination for Vac17 degradation. Upon entry of the segregation structure into the bud, the vacuole transport complex comes into contact with activated Cla4 and Ste20, or proteins activated by Cla4 and Ste20 phosphorylation, which primes Vac17 for degradation. It is important to note that segregation structure resolution does not require Vac17 degradation, as vac17⌬PEST mutants readily form daughter vacuoles (70) . Thus, the role of PAKs in regulation of Vac17 levels is distinct from its role in segregation structure resolution. In this study we have provided multiple experimental lines of evidence supporting this model that PAKs regulate Vac17 protein level. First, cells overexpressing CLA4 have decreased Vac17 levels ( Fig. 5D ) and the timing of this decrease coincides temporally with the vacuole inheritance defect (Fig. 4C) . Second, PAK function is required for Vac17 degradation in late M phase (Fig. 6D) . Third, expression of vac17⌬PEST suppressed the vacuole inheritance defects of CLA4-and STE20-overexpressing cells (Table 3) . We propose that PAKs play a second role in regulating vacuole inheritance by regulating Vac17 protein levels. It is currently unknown if PAK regulation of Vac17 is due to a decrease in Vac17 synthesis or turnover.
Potentially inconsistent with this hypothesis is our finding that STE20 overexpression did not cause a decrease in Vac17 levels (Fig. 5E ). However, this result must be taken in context with other vacuole inheritance mutants, such as vac8 and myo2-2, that accumulate Vac17 to high levels (70) . GAL-STE20 cells have a vacuole inheritance defect but do not accumulate Vac17 to high levels (Fig. 5E ). The presence of low levels of Vac17 in STE20-overexpressing cells is also consistent with our findings that around 18% of the cells still inherit vacuoles (Fig. 4E and F) and with a lesser effect of Ste20 in comparison to Cla4 throughout our experiments. Alternately, downstream targets on which Ste20 acts to promote a decrease in Vac17 may only be available in the daughter and therefore STE20 overexpression would not act to regulate Vac17 levels in the mother. Despite the possibility that PAKs may regulate vacuole inheritance through vacuole fusion, our data suggest that PAKs also regulate Vac17 protein levels. Our finding that PAK-deficient cells do not degrade Vac17 during late M phase (Fig. 6D) , a time in which Vac17 is usually degraded, argue for a model in which PAKs are the daughter-specific factors that promote Vac17 degradation. Also in agreement with this model, expression of vac17⌬PEST suppressed the vacuole inheritance defects of cells overexpressing CLA4 or STE20 (Table 3). However, our interpretation of the vac17⌬PEST experiment should be only accepted cautiously because the Vac17⌬PEST protein level is abundant. The high levels of Vac17⌬PEST may simply suppress a defect that is not directly due to Vac17 turnover.
How might Cla4 and Ste20 promote a decrease in Vac17 protein levels? The kinase activities of Cla4 and Ste20 are required for the vacuole inheritance defect seen in STE20-overexpressing cells (Fig. 4C and F) . Therefore, Cla4 and Ste20 might directly phosphorylate Vac17 priming it for destruction. While possible, our findings suggest this is not the case. Vac17 is phosphorylated in cells overexpressing CLA4t, suggesting that PAKs regulation may be indirect. Furthermore, the finding that LTE1 is required for Vac17 degradation in CLA4-overexpressing cells (Fig. 7A) and that in the absence of STE20 that LTE1 was required for Vac17 degradation in late M phase (Fig. 7B) suggest that Cla4 acts indirectly to regulate Vac17. Further research is therefore required to understand how PAKs regulate vacuole inheritance and Vac17 protein level.
The study of segregation structures in yeast has been a daunting task due to its transient existence. Based on the rate of vacuole movement and the distance of travel, segregation structures can be around for as little as 30 s during the cell cycle (77) . During this 30 s a complex set of reactions has been proposed to occur, including the production of PtdIns(3,5)P 2 (77) , the recruitment of PtdIns(3,5)P 2 binding proteins (20, 22, 30, 42) , formation of the segregation structure, transport of the segregation structure into the bud, and fusion to resolve the segregation structure. The very transient nature of the segregation structure and the impossibility of reliably synchronizing a population with intact segregation structures have made further analysis of the segregation structure difficult if not impossible. The identification of vacuole segregation structure resolution mutants cla4-75 ste20 and 4X GAL-CLA4t may provide a much-needed tool to further study these steps in vacuole inheritance.
